INTRODUCTION
Bone supports our body and enables us to do various motions. Once even one of the bones is damaged by a disease or an accident, quality of our life is much decreased. Defects of bones have been repaired by autogenous or allogenic bones. In the case of autogenous bones, however, a healthy part of the patient is damaged and available amount of bone is limited. In the case of allogenic bones, infections are sometimes caused through viruses, bacteria, etc. Therefore, artificial materials are needed to repair the bone defects. Artificial materials implanted into bone defects, however, are generally encapsulated by a non-calcified fibrous tissue to be isolated from the surrounding bone. 1 In early 1970s, Hench et al. showed that some glasses in the system Na2O-CaO-SiO2-P2O5 spontaneously bond to living bone without forming a fibrous tissue around them. These glasses showing the bone-bonding properties were named Bioglass (R). 2, 3 Since the discovery of Bioglass (R), various kinds of ceramics, such as sintered hydroxyapatite (Ca10(PO4)6(OH)2),4,5 glass-ceramic A-W containing crystalline apatite and wollastonite, 6,7 have been found to bond to living bone. These materials are called bioactive materials, and they are already clinically used as important bone substitutes. However, these ceramics are brittle and hence their application is still limited.
Living bone is a composite of 70 mass% inorganic component, hydroxyapatite, and 30 mass% organic component, collagen.8 Due to its unique composition and structure, natural bone can show not only high strength and high fracture toughness, but also deformability and low elastic modulus. Therefore, we expect that the combination of an organic substance with hydroxyapatite produces a novel material showing not only bioactivity but also similar mechanical properties to those of living bone.
There are some living tissues that consist of mainly inorganic components, such as bone, tooth and shell. All of them are composed of not only inorganic components but also organic components, and organic components act as a template of the structure. These are organic-inorganic hybrids finely constructed with This means that the energy barrier to induce hydroxyapatite nucleation is too high to make spontaneous precipitation under normal condition. The reason why hydroxyapatite is formed preferentially on the glass surfaces mainly composed of CaO and SiO2 is that Ca2+ released from the glass increases the degree of supersaturation with respect to hydroxyapatite of surrounding fluid, and Si-OH groups of hydrated silica gel formed on the surface induces heterogeneous nucleation of hydroxyapatite.14,15 Once apatite nuclei form, crystals grow spontaneously by consuming calcium and phosphate ions from the surrounding body fluid that is already supersaturated with respect to hydroxyapatite, to form a hydroxyapatite layer and it covers the surface.
From the findings mentioned above, it can be said that the hydroxyapatite deposition on the materials in SBF are governed by the following factors, (1) the increase in the degree of supersaturation of SBF with respect to hydroxyapatite, and (2) the ability of selective induction of crystal nucleation (heterogeneous nucleation) of hydroxyapatite on the surfaces of materials. The degree of supersaturation of SBF with respect to hydroxyapatite (Ca10(PO4)6(OH)2) can be increased, when components of hydroxyapatite (Ca2+, PO43-orOH-) are released from the substrates. However, when the degree of supersaturation becomes so high, not only the heterogeneous nucleation on the surfaces of the substrates but also the homogenous nucleation in the solution is triggered. Thus, it is important to prepare the substrate whose surface easily induces the heterogeneous nucleation and put it in an environment where the degree of supersaturation is increased a little under the level of inducing the homogenous nucleation.
From the mechanism of the formation of hydroxyapatite on the surface of bioactive glass, we can note that silanol (Si-OH) groups are effective for inducing the heterogeneous nucleation of hydroxyapatite on the surface of substrates. It has been reported that some functional groups other than Si-OH groups also induce the heterogeneous nucleation of hydroxyapatite in SBF. Ti-OH groups on titania (TiO2) gel also form hydroxyapatite in SBF16 and the Ti-OH groups on the TiO2 surface with anatase structure are more effective in hydroxyapatite nucleation than those with rutile or amorphous structure. 17 Ta-OH, 18 Zr-OH 19 and Nb-OH 20 groups were also reported to induce hydroxyapatite nucleation.
To find the functional groups effective for inducing the formation of hydroxyapatite, Tanahashi et al. prepared the self-assembled layers containing various kinds of functional groups on the surface of gold to investigate their hydroxyapatite-forming ability.21 In this report, carboxyl (-COOH) groups acted as a functional group that induces the heterogeneous nucleation of hydroxyapatite. Therefore, a hybrid composed of polymer and hydroxyapatite would be obtained when an organic polymer containing carboxyl groups on the surface as well as releasing Ca ions into the fluid is soaked in SBF.
HYDROXYAPATITE DEPOSITION ON NATURAL POLYMERS
On the basis of these findings, preparation of the hybrids composed of organic polymer and hydroxyapatite using the biomimetic process have been attempted. Several attempts have been applied for coating of hydroxyapatite on natural polymer substrates. Kawashita et al. reported that the carboxymethylated chitin and gellun gum gels, which have carboxyl groups, form hydroxyapatite on their surfaces in SBF when they are previously treated with a saturated Ca(OH)2 solution. On the contrary, the curdlan gel, which have no carboxyl groups, does not form hydroxyapatite in SBF even after Ca(OH)2 treatment. 22 Takeuchi et al. reported that the cloth made of raw silk (R-silk) fiber forms hydroxyapatite in 1.5SBF, which has 1.5 times the ion concentrations of SBF, but the cloth made of normal silk (N-silk) fiber does not.23 Figure 2 shows SEM photographs of the surfaces of R-silk and N-silk before and after soaking in 1.5SBF for 7 days. Particles of hydroxyapatite can be observed just on R-silk after soaking in 1.5SBF for 7 days. The structure of silk 24,25 is shown in Fig. 3 . The surfaces of raw silk fiber and normal silk consist of sericin and fibroin, respectively. Sericin has approximately 20 mol% of acidic amino acids (aspartic acid and glutamic acid), whereas fibroin contains only 3 mol%. This indicates that the surface of the raw silk fiber is richer in carboxyl groups than that of the normal silk. Therefore, we conclude that the high content of carboxyl groups in sericin is effective in hydroxyapatite heterogeneous nucleation. The hydroxyapatite-forming ability of the sericin fiber could be enhanced by soaking in CaCl2 solutions before soaking in 1.5SBF. Figure 4 shows SEM photographs of the surfaces of R-silk treated with various concentrations of CaCl2 solution, followed by soaking in 1.5SBF at pH 7.25 for 7 days. The hydroxyapatite-forming ability increased with increasing concentration of CaCl2 solutions. Consequently, whole of the surface was covered with hydroxyapatite layer. The treatment with high concentration of Ca2+ solution allows to release Ca2+ ions from the fiber, and this increases the degree of supersaturation of the surrounding solution with respect to hydroxyapatite.
These results support the assumption that the existence of functional groups effective for hydroxyapatite nucleation and release of Ca2+ ions are key factors for the deposition of hydroxyapatite on the substrates. The synthetic polymer substrate has been used to prepare polymer-hydroxyapatite hybrids. Miyazaki et al. modified aromatic polyamides containing carboxyl groups 26 (C(x), see Fig. 5 ) with different amounts of calcium salt, and investigated their hydroxyapatite-forming ability in 1.5SBF. 27 The aromatic polyamide C(50) with 40 mass% of CaCl2 formed hydroxyapatite on its surfaces after exposure to 1.5SBF at pH7.40. A sandwich-like structure with the hydroxyapatite layers and polymer substrate was fabricated, as shown in Fig. 6 . The formed hydroxyapatite layer was strongly attached with the polymer and was not peeled off from the polymer film even after a peeling-off test using Scotch (R) Tape. The amount of formed hydroxyapatite increased with increasing the amounts of carboxyl groups and Ca2Cl2 in the film.
Kawai et al. found that aromatic polyamides containing sulfonic (-SO3H) groups (see Fig. 7 ) also have the ability of hydroxyapatite induction when they are incorporated with CaCl2 after soaking in 1.5SBF.28 (see Fig. 8 ) The amount of formed hydroxyapatite and the rate of the formation increased with increasing the amount of the sulfonic groups in the polyamide chain. Morphology of the hydroxyapatite deposited on the surface was similar to that on bioactive glass. (see Fig.  9 ) These results support that sulfonic groups can act as another functional group effective in hydroxyapatite nucleation.
These findings revealed that even the synthetic polymers containing carboxyl groups or sulfonic groups spontaneously formed hydroxyapatite on their surfaces under the environment mimicking body fluid when calcium chloride was incorporated in the polymer. Since the microstructure of hydroxyapatite formed in the body environment is similar to that of hydroxyapatite in bone, the resultant hybrids are expected to show high biological activity to living bone.
As described above, some functional groups can induce hydroxyapatite nucleation. The initial stage of the nucleation induced by silanol groups was proposed by Takadama Considering that functional groups effective for hydroxyapatite nucleation are negatively charged in physiological solutions, the calcium incorporation at the initial stage is very important for the hydroxyapatite nucleation. In the case of using carboxyl groups or sulfonic groups, such complexes as -COOCa+ and (-COO)2Ca or-SO3Ca+ and (-SO3)2Ca can be formed on the materials' surfaces, and they can induce hydroxyapatite nucleation. Figure  10 illustrated the model of apatite nucleation induced by carboxyl groups. has already been playing an important role as a bone-repairing material in clinical fields such as orthopedic, plastic, dental and cranial nerve surgery. However, the usage of a conventional material is limited due to its essential properties. Ceramic materials are more brittle and have much higher Young's modulus than bone. Therefore, they meet problems that they may break or give unnatural load to bony tissues. The technique for depositing hydroxyapatite on the surfaces of organic polymers provides us a design guide of novel tissue-repairing materials such as a bioactive organic-inorganic hybrid showing both bone-bonding ability and various mechanical properties. Moreover, hydroxyapatite is also used as a functional material utilizing its biological affinity and protein adsorption character in the biological field. When the hydroxyapatite is coated on the surface of an organic polymer by the biomimetic process, the obtained hybrid achieves high performance since the surface which governs its biological and chemical properties is not covered with any organic polymers in the synthetic process. In addition, the hydroxyapatite does not change to the other phases since a thermal treatment is not needed in this process, and therefore this synthetic process may give many applications.
The chemical reaction by biomimetic process enables us to control the composition and growth condition of the hydroxyapatite film by changing the composition of the solution. The establishment of these techniques promises a novel ecological process.
